We report the discovery of the 1.008-day, ultra-short period (USP) super-Earth HD 213885b (TOI-141b) orbiting the bright (V = 7.9) star HD 213885 (TOI-141, TIC 403224672), detected using photometry from the recently launched TESS mission. Using FEROS, HARPS and CORALIE radial-velocities, we measure a precise mass of 8.83 +0.66 −0.65 M ⊕ for this 1.745 +0.051 −0.052 R ⊕ exoplanet, which provides enough information to constrain its bulk composition, which is similar to Earth's composition but enriched in iron. The radius, mass and stellar irradiation of HD 213885b are almost indistinguishable from that of 55 Cancri e, making this exoplanet its first "twin" in terms of its physical properties -HD 213885b, however, appears to be denser (9.15 +1.1 −1.0 gr cm −3 ) than 55 Cancri e. Our precise radial-velocities reveal an additional 4.78-day signal which we interpret as arising from a second, non-transiting planet in the system, HD 213885c, which has a minimum mass of 19.95 +1.38 −1.36 M ⊕ and thus is consistent with being a Neptune-mass exoplanet. The HD 213885 system is very interesting from the perspective of future atmospheric characterization, being the second brightest star to host an ultra-short period transiting super-Earth (with the brightest star being, in fact, 55 Cancri). Prospects for characterization with present and future observatories are discussed.
INTRODUCTION
The successfully launched and currently operating Transiting Exoplanet Survey Satellite (TESS, Ricker et al. 2015) is set to become one of the most important missions in the search for small, characterizable rocky exoplanets. Currently exploring almost the whole sky on the hunt for transiting exoplanets orbiting bright (V < 13) stellar hosts, TESS' primary mission is to generate a sample of small (< 4R ⊕ ) exoplanets for which precise masses and even atmospheric characterization will be possible, revolutionizing our view of these small, distant worlds.
Among the distinct populations of small exoplanets, one of the most interesting are the so-called Ultra-Short-Period (USP) exoplanets. These are planets that orbit at extremely short periods (P ≤ 1 day), smaller than about 2R ⊕ , and which appear to have compositions similar to that of the Earth . Although more than a hundred of these systems have been found by the Kepler mission, with which it was found that these exoplanets are extremely rare (about as rare as hot-jupiters, Sanchis-Ojeda et al. 2014) , only a handful of them have precise radii and masses, as the stars in the Kepler field are typically much too faint for spectroscopic follow-up. Transit surveys like TESS, however, are the perfect haystacks to find these rare needles as they are designed to find short-period transiting exoplanets around bright stellar hosts, allowing us to explore the yet poorly understood dimension of mass and, thus, bulk composition of these interesting extrasolar worlds. In addition, missions like TESS are extremely important for exoplanets such as USPs as they will generate a sample of them which will be prime targets for future atmospheric follow-up with missions like the upcoming James Webb Space Telescope (JWST), which will in turn allow us to explore the exciting dimension of atmospheric composition of these small, shortperiod exoplanets (see, e.g., the case of 55 Cancri e; Demory et al. 2016; Angelo & Hu 2017; Miguel 2019) .
The possibility to perform spectroscopic follow-up for these USPs is in turn also interesting because of another fact: the inclination between the orbits of multi-planetary systems appears to be larger for short-period exoplanets in tight orbits (∆i = 6.7 ± 0.6 degrees for planets with a/R * ≤ 5 versus 2.0 ± 0.1 for planets with 5 < a/R * < 12, Dai et al. 2018) , which might be a signature of orbital migration due to excitation effects such as high-eccentricity migration (Petrovich et al. 2018) . If this effect is indeed the one dominating in systems having USPs, this means that finding transiting multi-planetary systems might be intrinsically harder than for systems not having them, as the increased mutual inclination between the exoplanets in the system might prevent us from observing the transits of the other members of it. However, if their inclinations are within the same order of magnitude, these extra members might be found via highprecision spectroscopic follow-up, and this might in turn provide valuable constraints on the mutual inclinations between the exoplanets of these systems that might aid in the understanding of the formation of these rare, small exoplanets.
In this work, we present the discovery and characterization of the first USP discovered by the TESS mission, HD 213885b (TOI-141b), characterized thanks to precise radial-velocity measurements from FEROS, HARPS and CORALIE. In addition to the tight constraint on the mass of this new exoplanet, our radial-velocity measurements reveal the presence of an additional non-transiting exoplanet in the system, HD 213885c (TOI-141c).
We organize this work as follows. In Section 2 we present the data used to make the discovery of this multi-planet system. In Section 3 we present the analysis of this data, in which we derive the properties of both the star and the planets in the system. In Section 4 we present a discussion on the system and the implication of this discovery to both the overall population of small exoplanets and the known USPs and in Section 5 we present the conclusions of our work.
DATA

TESS photometry
TESS photometry for TOI-141 was obtained in shortcadence (2-minute) integrations from July 2018 to August 2018 (during a total time-span of 27.9 days) in TESS Sector 1 using Camera 2. The TESS Science Processing Operations Center (SPOC) photometry was retrieved from the alerts webpage 1 , which provide either simple aperture photometry (SAP_FLUX) or the systematics-corrected photometry (PDCSAP_FLUX), a procedure performed by an adaptation of the Kepler Presearch Data Conditioning algorithm (PDC, Stumpe et al. 2012; Smith et al. 2012; Stumpe et al. 2014) to TESS. We use this latter photometry along with its provided errorbars (PDCSAP_FLUX_ERR) in the rest of this work; we refer to this photometry as the PDC photometry in what follows. Both, the SAP and PDC median-normalized photometry provided by the TESS alerts are presented in Figure 1 . For the analysis that follows, we remove two portions of the data: the portion (in BJD -2457000) between 1347.5 and 1349.3, which was obtained during a period of increased spacecraft pointing jitter (see Huang et al. 2018) , and the region after 1352, which shows an evident relatively short but significant decrease in flux which we found might give rise to biases in our analysis.
The TESS alerts diagnostics, generated using the tools outlined in Twicken et al. (2018) , Jenkins et al. (2016) and Li et al. (2019) which have been adapted to work with TESS data, present this system as having a 1-day transit signal present in the data, which we refer to as TOI-141.01. The transit signature of this planet passes all the Data Validation (DV) tests (e.g., comparison of even and odd transits to screen against eclipsing binaries, ghost diagnostic tests to help rule out scattered light or background eclipsing binaries, among others) but the difference image centroiding test, likely due to the star being slightly saturated. From a difference image analysis done within the DV, however, the transit source is coincident with the core of the stellar point spread function (PSF), so it is clear the transit events happen on the target and not in, e.g., nearby bright stars. In order to confirm this signal and search for additional ones in the photometry, we ran the Box Least-Squares algorithm (BLS, Kovács et al. 2002) on the data using a python implementation of this algorithm by Daniel Foreman-Mackey, 1 https://tess.mit.edu/alerts/ bls.py 2 . Significances of the possible peaks were computed by running the algorithm on a mock dataset which contained the same median flux as the TESS photometry to which we added white-gaussian noise whose standard-deviation was defined as the provided errorbars at each time-stamp. This procedure was ran 100 times, giving 100 BLS powers at each period, with which the mean BLS power and the corresponding standard deviation at each period was calculated. A peak in the BLS spectrum of the original data was then considered significant and was later inspected if it deviated by more than 5-sigma from this white-gaussian noise spectrum. We ran the BLS on the search of transits with periods between 0.1 and 14 days (the latter chosen as around half the total time-span of the TESS observations; 5,000 periods were considered between those limits), searching for transits with durations between q = 0.01 and q = 0.09 in phase-space.
Using the BLS on the PDC photometry, the largest peak in the BLS periodogram was located at around the same period as the one reported on the TESS alerts, i.e., at 1.007 days, with a depth of around 200 ppm. The peak is highly significant -greater than 100 standard deviations above the mean BLS power at this period. We identify this candidate transit signature as TOI-141.01. It is interesting to note that the transits of this planetary candidate are individually visible in the lightcurve of TOI-141 presented in Figure 1 , indicated in that figure by red lines. We removed the in-transit points corresponding to TOI-141.01 and repeated the same procedure on the masked data. A couple of peaks emerge in the BLS periodogram just above our 5-sigma threshold, but when phasing the data at those periods, no evident transit signature emerges. In addition, those peaks are only at specific periods, and thus very narrow (one or two points) in the BLS periodogram. We thus conclude that no more significant transit-like signals are present in the BLS periodogram of our data. Possible additional signals in the photometry were also inspected using the Transiting Planet Search (TPS) within the SPOC Data Validation (DV) component, which as mentioned above has been recently adapted to work with TESS data (Twicken et al. 2018; Jenkins et al. 2016; Li et al. 2019) . No additional transiting planets were found with those tools either.
It is important to note that the aperture used to obtain the TESS photometry encompasses about 3 TESS pixels in radius around the target, which amounts to an onsky aperture of about 1 arcminute which in turn could lead to the light of other stars to contaminate the aperture. This is important both for possible dilutions of the observed transits, which could lead to miss-determinations of the transit parameters, and to possible false-positives, which could led us to believe this is an exoplanetary system when in reality the observed TESS transit events could be due to a blend with a nearby eclipsing binary. In particular, the TESS aperture includes light not only from TOI-141 (which has a TESS magnitude of 7.358 ± 0.018), but also from two faint stars, which we denote C1 and C2 in what follows, at about 30 arcseconds from the target detected by both 2MASS (2MASS IDs: 22360031-5952070 and 22355219-5952034, for C1 and C2, respectively) and Gaia (Gaia Source IDs 6407428925971511808 and 6407428960331344512, for C1 and C2, respectively; Gaia Collaboration et al. 2018) ), and three additional stars fainter than those ones detected by Gaia (Gaia Source IDs: 6407428891610548736, 6407428925970566272 and 6407434801486912768), the brightest of which has a Gaia magnitude of G = 19.86 -implying a ∆G = 12.1 with TOI-141.
Assuming the magnitude difference in the TESS passband to be similar to the difference in the Gaia passband, the three faint stars detected by Gaia and not 2MASS are negligible sources of light in practice to the TESS aperture (if any of these were a totally eclipsing binary, for example, they would lead to transit depths of about 15 ppm; in terms of lightcurve dilution, they amount to less than 0.0015% of the light in the aperture). For C1 and C2, using the relations in Stassun et al. (2018) , their TESS magnitudes are T C1 = 16.862 ± 0.025 and T C2 = 16.417 ± 0.023 respectively (calculated using the 2MASS J and Gaia G magnitudes of these stars, which are the magnitudes that have the smaller errorbars, and propagating the errors on the relations of Stassun et al. (2018) in quadrature to the photometric errors). This implies a magnitude difference with TOI-141 in the TESS passband of 9.504 ± 0.031 and 9.059 ± 0.029 for C1 and C2 respectively, thus amounting for 0.041% of the light in the TESS aperture. If any of those stars were to produce the observed transits in the TESS photometry of TOI-141.01, they would have to be variable objects producing periodic 1-day dimmings of at least 80% of their light. We explore this possibility with follow-up lightcurves in the next sub-section.
Photometric follow-up
Photometric follow-up was performed as part of the TESS Follow-up Program (TFOP) SG1 Group. We used the TESS Transit Finder, which is a customized version of the Tapir software package (Jensen 2013) , to schedule photometric time-series follow-up observations. Observations of TOI-141.01 were obtained on September 11, 2018, using the CDK700 27-inch telescope at Mount Kent Observatory (MKO). The observations were made in r using 128 second "deep" exposures, effectively saturating TOI-141 but gathering enough photons to provide precise photometry for the fainter companion stars in order to rule-out false-positive scenarios. The observations covered around 3 hours, and effectively covered the predicted ingress and egress events. We used AstroImageJ (Collins et al. 2017) to calibrate the data and extract the differential aperture photometry of the target and nearby stars. All stars within 2 turned out to have a constant brightness to within 10%. Dimmings at the 80% or larger for C1 and C2 can be confidently ruled out by these observations; however, C1 showed a 70% rise in the photometry around the expected mid-transit time of TOI-141.01, which was due to an instrumental effect: due to the rotation of the field, some of the diffraction spikes of TOI-141 fell on the aperture used to extract the photometry of C1 at these times generating this increase in the relative flux of this object. It is important to stress here that although midtransit was lost due to this effect, the lightcurve before this event showed no large variations as the ones expected from an eclipsing binary causing the TESS transits (the precise transit ephemerides for this system ensure we should have caught at least an ingress event if this was indeed an eclipsing binary).
The observations presented above thus rule out any possible near eclipsing binary as being the responsible for the transit events observed in the TESS lightcurve.
Speckle imaging
Speckle imaging for TOI-141 was obtained on September 24, 2018, using the High-Resolution Camera (HRCam) at the 4.1m Southern Astrophysical Research (SOAR) telescope located in Cerro Pachón, Chile, in the I-band; the coadded images are presented in Figure 2 . The instrument and the corresponding analysis and reductions of data obtained with it is detailed in Tokovinin (2018) . These observations, and the subsequent analysis of the auto-correlation function (ACF) of the image, which provides better dynamic range than working on the images directly (see Tokovinin 2018 , for details) reveal 2 companions to TOI-141: one at a separation of 1.19" from TOI-141 at an angle of 305 degrees, and another at a separation of 0.4" from the target at 239 degrees, with magnitude differences of ∆I = 5.4 and ∆I = 4.9 respectively. As will be shown in Section 3, given the observed radial-velocity variations in phase with the transit ephemerides observed by TESS -and given these companion stars are much too faint to produce any measurable signal in our radial-velocity measurements -it is very unlikely the companion stars revealed by these speckle imaging observations are the ones producing the transit events. These stars, however, could be important to constrain the possible transit dilutions they imply for our target. However, given these objects are not detected in Gaia DR2 (Gaia Collaboration et al. 2018) , and that only one-band observations are available, we cannot calculate either if they are physically bound nor their predicted TESS magnitudes in order to calculate the dilution these stars would imply in the TESS bandpass. If we assume the delta-magnitudes in I band are similar to the TESS magnitudes, then these stars would account for about 1.8% of the total flux in the TESS aperture. For a 200 ppm transit depth as the one detected by the TESS photometry for TOI-141.01, this would imply a dilution of about the same percent of this transit depth (i.e., a depth about 4 ppm smaller) -this is well below the error on the transit depth, which as it will be shown in Section 3, is on the order of 12 ppm.
It is important to notice that, because TOI-141 is a relatively close system (48 pc -see Section 3), monitoring the system via high angular resolution in the future (e.g., a few years) might reveal if these companions detected with our observations are physically associated or not to TOI-141. We encourage future observations in order to determine if this is the case.
FEROS radial-velocities
High precision radial-velocities were obtained for TOI-141 with the Fiber-fed Extended Range Optical Spectrograph (FEROS, Kaufer & Pasquini 1998) mounted at the 2.2m MPG telescope at La Silla Observatory between September and October 2018 by the Chile-MPIA group. A total of 175 RV measurements were obtained which were reduced with the CERES pipeline (Brahm et al. 2017a) . Although based on standard stars the precision that the CERES pipeline obtains with FEROS is 7 m/s, we found that with some modifications to the standard acquisition of FEROS frames one can achieve 3 m/s precision for V = 8 stars: simply by turning the ThAr lamp around 20 minutes before it is used, and taking a long series of ThAr calibration images to select the best one as reference greatly improves the precision one can achieve with FEROS using CERES. We followed these procedures for the obtention of the RVs of TOI-141 and imposed this 3 m/s noise floor to the star based on the monitoring of standard stars.
The FEROS observations showed radial-velocities in phase with the transit ephemerides of TOI-141.01, showing an amplitude of about 5 m/s. In addition, they also showed an evident extra sinusoidal variation at a period of about 4.75-days. These signals will be analyzed in detail in Section 3. The data is presented in Table 1 .
HARPS radial-velocities
High precision radial-velocities were also obtained with the High Accuracy Radial velocity Planet Searcher (HARPS) mounted at the ESO La Silla 3.6m telescope (Mayor et al. 2003) . This data were obtained by three groups: the Chile-MPIA group (14 measurements in September 2018), the NCORES group (14 measurements in October 2018) and the U. de Chile group (19 measurements between October and November 2018). In total, 47 measurements were obtained for TOI-141 between September 2018 and November 2018. The radial-velocities were obtained with both the CERES pipeline (Brahm et al. 2017a ) and the HARPS DRS pipeline. Although both gave consistent results, the CERES pipeline results have much larger long-term errors as monitored by standard stars than the quoted attainable precision by the DRS pipeline. Because of this, we decided to use the DRS instead of the CERES results in this work. The RV precision of those datapoints varied with the exposure times - 0.5 m/s for 900 second exposures and 2 m/s for 300 second exposures. The data is presented in Table 1 .
CORALIE radial-velocities
Additional data were obtained the CORALIE instrument, mounted on the 1.2m Euler Telescope at the La Silla Observatory (Queloz et al. 2001 ) both prior to the TESS observations and after the TESS observations. A first set of data, here denoted CORALIE07, were taken between August 2008 and October 2013 (7 radial-velocity measurements) and a second set of data, here denoted CORALIE14, were taken between August 2016 and September 2018 (8 radial-velocity measurements) . From this latter set, 6 datapoints were taken after the TESS alerts were released. These datapoints have precisions between 3-4 m/s, and the radial velocities analyzed with the official CORALIE pipeline. Two extra datapoints to the just mentioned ones were obtained in July 1990 and August 1994 by CORAVEL (Baranne et al. 1979) , and another set of 12 radial-velocity datapoints were taken between September 2001 and September 2006 with CORALIE; however, we do not use those measurements in this work as they show errors in excess of the precision needed to constrain the masses of the exoplanets presented in this work. In total, thus, in this work we use 15 radial-velocity measurements from CORALIE.
It is important to note here that the CORALIE instrument was upgraded in November 2014 (see, e.g. Maxted et al. 2016) . This means that the zero-point offset between the CORALIE07 and CORALIE14 radial-velocities is different. Because of this reason, here we treat each as an independant dataset, meaning that in the analysis to be described in Section 3.3, we consider different systemic velocities and jitters for each of those datasets. The data is presented in Table 1 .
ANALYSIS
Stellar properties
We followed the iterative procedure described in Brahm et al. (2018b) and Brahm et al. (2018a) to determine the physical parameters of TOI-141. First we used the co-added HARPS spectra to compute the atmospheric parameters of TOI-141 by using the ZASPE code (Brahm et al. 2017b) , which compares the observed spectrum with synthetic ones in the spectral regions that are most sensitive to changes in the atmospheric parameters. Then we combine the GAIA DR2 parallax and the available photometry to compute the stellar radius and extinction using an MCMC code 3 . Finally, we determine the stellar mass and age by searching for the Yonsei-Yale evolutionary model (Yi et al. 2001 ) that matches the observed stellar radius and spectroscopic effective temperature through another MCMC code 4 . With the derived stellar mass and radius we compute a new value for the log(g) which is held fixed in a new ZASPE iteration, followed by the same steps that were just described. The final stellar parameters obtained for TOI-141 are presented in Table 1 .
Stellar abundances
Stellar abundances are important to constrain possible interior composition models of exoplanets orbiting host stars, as they can give prior information to be used by structure modelling in order to constrain the composition of an exoplanet (see Section 4.2). Because of this, we extracted abundances from the FEROS (co-added) spectra of important refractory and volatile elements that could aid as priors in such an analysis. In particular, we extracted abundances of Si, Ni, Mg and C using the 2014 version of MOOG (Sneden 1973) . We found abundances A(X) = log 10 N(X)/N(H) + 12, where N(X)/N(H) is the atomic ratio between element X and hydrogen (H), where N(H) is normalized to 10 12 hydrogen atoms (i.e., N(H) = 12) for Si, Ni, Mg and C -those are presented in Table 1 .
Joint analysis
The joint analysis of the photometry and radial velocities is performed here using a new code introduced in Espinoza et al. (2018) , juliet, which is available via GitHub 5 . For our analysis in this work, juliet uses batman (Kreidberg 2015) to model the transit lightcurves and radvel (Fulton et al. 2018 ) to model the radial-velocities. juliet allows for a variety of parametrizations, and in particular allows us to incorporate Gaussian Processes (GPs) via the george (Ambikasaran et al. 2014) and celerite (Foreman-Mackey et al. 2017) packages, which are implemented within juliet for modelling underlying systematic and/or astrophysical signals present either in the radial-velocities, the photometry or both, and to easily incorporate those into our modelling scheme. One of the key features of juliet is its ability to perform model comparison, as nested sampling algorithms are used to compute posterior samples and, in particular, model evidences, Z i , for a model M i given the data, D, i.e.,
In this work within juliet we make use of MultiNest (Feroz et al. 2009 ) via the PyMultiNest wrapper (Buchner et al. 2014) to explore the parameter space and perform model evidence calculations. This evidence estimation in turn allows to compute the probability of the model given the data, p(
Here, unless otherwise stated, we assume all models are a-priori equiprobable and thus compare model evidences directly between models as in this case the posterior odds are simply p(
For ease of comparison, we here compare models using the difference of the (natural) log-evidences, ∆ ln Z i, j = ln Z i /Z j . We have taken care to repeat the model evidence calculations several times in order to account for the miscalculation of errors on evidences known to happen in nested sampling algorithms (see Nelson et al. 2018) ; however, we note that in our case, given the large amount of data (especially given we have strong constraints on the ephemerides of at least one planet in this work from transit photometry), the empirically determined errors on the evidences (calculated by running each model run five times) are always ln Z < 1 -typically on the order of 0.1.
Photometry-only analysis
For the analysis of the TOI-141 system, we first performed a photometry-only analysis with juliet in order to find constraints on the time of transit center and period of the orbit of TOI-141.01 using the priors defined for the photometric elements in Table 2 , which were based on our BLS search and the TESS alerts best period for this candidate. We consider the possibility that the TESS photometry might need a GP to account for any residual time-correlated noise in the lightcurve, and for this we fitted both a transit model plus an exponential-squared GP and a transit model assuming a white-noise model only. We found that both models were indistinguishable from one another based on their model evidences (∆ ln Z < 1), and thus decided to use the simpler model (i.e., a no-GP, white-noise model) when analyzing the PDC photometry. We note that as is noted in Table 2 , for the white-noise model we add an extra photometric jitter term in quadrature to the reported uncertainties in order to account for miscalculations of the photometric uncertainties or any residual astrophysical signal not captured by our modelling. In addition to this fit, we also tried a fit assuming there is an additional transiting planet in the system to TOI-141.01, with the same photometric priors as the ones used for this candidate presented in Table 2 , except for the period and time of transit center; the first was left to freely vary between 0.1 and 14 days (for the same reason this were the trial periods in our BLS analysis in Section 2), whereas the second was left to vary from the time of the start of the observations to 15 days later. We found no evidence on the data for additional transiting planets (ln Z > 100 in favor of the 1-planet model) in agreement with our results from the BLS search in Section 2.
RV-only analysis
We ran a juliet run on the radial-velocities independently in order to see if we were able to find evidence for planets in the radial-velocity dataset alone. For this, we ran three models: (1) no planet (i.e., variation in the data solely explained by the jitters of the data, which were let to float as free parameters), (2) one planet in the RVs, (3) two planets in the RVs. We modelled the planetary signals using simple Keplerians assuming circular orbits with the same priors as the radial-velocity elements in Table 2 . However, for this excercise we gave wide log-uniform priors for the period from 0.1 to 30 days for both planets (with the constraint that one planetary period is always larger than the other in order to avoid multiple modes for exchangable periods) and the times of transit center set with uniform priors between the start of the observations and 30 days later 6 . The limit of 30 days was set as our most constraining RV datasets (the FEROS Table 2 . Priors used in our joint analysis of the TOI-141 system using juliet for the analysis of TOI-141b and TOI-141c. Our stellar density prior is the one derived in Section 3.1. Here p = R p /R * and b = (a/R * ) cos(i p ), where R p is the planetary radius, R * the stellar radius, a the semi-major axis of the orbit and i p the inclination of the planetary orbit with respect to the plane of the sky. e and ω are the eccentricity and argument of periastron of the orbits. N(µ, σ 2 ) represents a normal distribution of mean µ and variance σ 2 . U(a, b) represents a uniform distribution between a and b. J(a, b) represents a Jeffrey's prior (i.e., a log-uniform distribution) between a and b. 1 To perform the transformation between the (r 1 , r 2 ) plane and the (b, p) plane, we performed the transformations outlined in Espinoza (2018), which depend on r 1 and r 2 , and a set of limits for the minimum and maximum p, p l and p u , to consider: if
. In this work, we set p l = 0 and p u = 1. 2 We ensure in each sampling iteration that e = S 2 1 + S 2 2 ≤ 1. 3 To transform from the (q 1 , q 2 ) plane to the plane of the quadratic limb-darkening coefficients, (u 1 , u 2 ), we use the transformations outlined in Kipping (2013) for this law u 1 = 2 √ q 1 q 2 and u 2 = √ q 1 (1 − 2q 2 ). 4 CORALIE07 corresponds to data taken between the 2007 and 2014 upgrade and CORALIE14 corresponds to data taken after the 2014 upgrade (see Section 2.6).
5 Our "best-fit" model needed the inclusion of an extra GP component (see text). The best-fit GP model in our case came from a squared-exponential kernel in time, of the form k i, j (τ) = σ 2 GP exp −α GP τ 2 with τ = t i − t j . The jitters were added to the diagonals of the corresponding covariance matrix in quadrature.
and HARPS datasets) are only ∼ 60 days in total duration, and as such periods up to half this baseline are reasonable to search in the dataset.
The resulting evidences for the models strongly favor the 1 and 2-planet models in the data over the no-planet model. The 1-planet model converges to a posterior period of 4.75±0.01 days, and it has a log-evidence 56 times larger than the no-planet model, i.e., the 1-planet model is 24 orders of magnitude more likely than the null model. In turn, the twoplanet model converges to both a period of 1.00940 ± 0.00036 days for one of the planets and of 4.7604 ± 0.0028 days for the other -this model in turn has a log-evidence 52 times larger than the 1-planet model, and 108 times larger than the no-planet model. We note how in this 2-planet model the smallest period is consistent with the period of the transit events observed by TESS, albeit with a small offset, most likely due to the sampling of the data (i.e., given a signal with a period equal to that of the transit ephemerides in our data, this offset is expected given the alias of 1-day the window function imprints on our radial-velocity measurements; see Dawson & Fabrycky 2010 , for details, and our discussion below). This acts as an independant confirmation of the transit signal observed in the TESS photometry -we consider these observations thus confidently confirm the transit signatures observed by TESS as a bona-fide exoplanetary signal, to which we refer to as TOI-141b in what follows.
It is important to note that the 4.75-day signal, although well-fitted with a Keplerian, could also be caused by stellar activity and not by the reflex motion of a planet around the star. We anticipate that this is not very likely, as the star's chromospheric emission as measured by the log R HK has been actually measured before our observations to be quite low (−4.90 ± 0.05; Henry et al. 1996) , which combined with its B − V = 0.62 color, would imply it resides in the region where inactive stars reside in the B − V/log R HK diagram. On top of this, assuming the stellar axis is aligned with the plane of the sky, we can derive a rotation period of the (equator of the) star of 18.58 ± 1.28 days from the stellar radius and the v sin i * value presented in Table 1 , which is much too large to explain the evident 4.75-day variations observed in our radial-velocities. Indeed, the periodogram of monitored external variables, such as Mount Wilson's Sindex shows no clear peak around the periods of interest, and the same results are obtained for the bisector span (Figure 3) . We nonetheless consider this possibility in the next sub-section when we perform the joint photometric and RV analysis.
Photometric and RV analysis
With the above defined information, we performed a joint analysis of the photometry and radial-velocity of TOI-141 using juliet, which we use to jointly constrain all the parameters of the orbits of both TOI-141b and the possible 4.75-day planetary signal in the TOI-141 system. We use normal priors for the periods and time of transit centers of those signals, with mean values taken from our photometry and radial-velocity only analyses, and with standarddeviations enlarged by a factor of a thousand with respect to those found in those analyses. All the other parameters are left to explore the whole parameter space of physically plausible ranges.
We first performed several joint analyses in order to explore whether the 4.75-day signal observed in the radialvelocities could be better explained either by a planetary signal or stellar activity, the latter modelled here as a GP. For the planetary signal fit, we considered the full model with the priors presented in Table 2 which, as we will see below, is the model which provided us with the largest logevidence. We note that this model includes a GP component -in addition to the two keplerians, we had to include a squared-exponential kernel (other kernels -see below -were also considered in our fits, but the squaredexponential kernel was the one that gave the largest logevidence). A model without this extra GP component shows a log-evidence ∆ ln Z = 49 smaller than with it, and thus this extra GP component is highly significant. For the stellar activity fit, we assumed the same priors as the ones defined in Table 2 but without considering "planet c" -the possible planet in the system causing the 4.75-day signal. Instead of this, we considered several GP models to account for the extra variation in the radial-velocities, which can be clustered into two big groups: (a) those that assume that the 4.75-day signal could be explained directly by external state-variables (such as, e.g., the S-index or the bisector span) and (b) those that assume that this signal could be explained by a quasiperiodic GP in time. For the group (a) of models we tried fits with squared-exponential kernels either trying time, S-index or bisector spans as inputs, i.e., kernels of the form
where τ = x i − x j , is the lag between the mentioned statevariables (which were fed normalized -i.e., they were meansubstracted and divided by their standard-deviations), σ GP is the amplitude of this GP component and α GP is the inverse length-scale of this parameter. For the group (b) of models, we tried two possible kernels: the quasi-periodic kernel introduced by Foreman-Mackey et al. (2017) , of the form
where τ = t i − t j is the time-lag, and the widely used expsine-squared kernel of the form
where τ = t i − t j is again the time-lag. The priors used for the hyper-parameters of those GP models are listed in Table  3 . These two latter kernels were also tried in our 2-planet GP fits mentioned above, but with an enlarged period prior (uniform between 0 and 100 days). The resulting log-evidences for the fits to the just described models are presented in Table 4 . We note that the reported evidences are for planetary models with the eccentricities fixed at zero, which were the models that showed the largest log-evidences in each case. In addition, we found that models letting the HARPS, CORALIE07 and CORALIE14 jitter terms float as free parameters were indistinguishable from models with them fixed to zero -those evidences show the results where those were set to zero as well.
As can be seen in Table 4 , the models with the highest evidences are models with two planets and an additional Table 3 . Priors used for our GP fits in which we tried to explain the 4.75-day signal seen in the RVs as arising from stellar activity (see text). These were used in conjunction with the priors listed in Table 2 minus the parameters below "Parameters for TOI-141c" and under "RV GP parameters" in order to explain the full photometric and RV datasets. Tables 2 and 3 (see text) . SE stands for results using a squared-exponential kernel, whereas FM stands for results using the Foreman-Mackey et al. (2017) quasi-periodic kernel. The value presented for the 1 planet + SE GP below corresponds to the model using time as a state variable, which was the model that gave the best fit among that class of models. The 2 planet + SE GP model was selected as the best model as is indistinguishable between the other 2-planet GP fits ( |∆ ln Z < 1|), and is the simpler (i.e., has lower number of free parameters) of them. GP component. At face value, the model with the highest evidence is the one using the Foreman-Mackey et al. (2017) quasi-periodic kernel, but this model is in practice indistinguishable (|∆ ln Z < 1|) from both a fit using an exp-sinesquared kernel and a squared-exponential kernel. Interestingly, the quasi-periodic kernels in these 2-planet fits actually provide no constraint on the extra residual periodic component -the posterior on the P rot parameters only rules out periods smaller than about 5-days, and is uniform in the rest of the parameter space, which hints that the prescence of any additional periodic signal (e.g., activity and/or extra planetary companions) is unlikely given our data. In fact, all three fits converge to the same posterior parameters for all the orbital and physical parameters of the planets in the system. Being the 2-planet plus squared-exponential GP the simpler of the mentioned fits, we choose this as our best model in this case; this model is in turn superior to both the 1-planet models assuming an extra squared-exponential kernel or a quasi-periodic kernel and to the 2-planet fit without a GP component. Together with our discussion in the previous section that stellar activity indicators show no evident peaks in the periodogram at the periods of interest, and that the rotation period of the star is much longer than the period of interest, we take this as evidence that the observed signal is indeed caused by a non-transiting planet, to which we refer from now on to as TOI-141c. It is interesting to note that our posterior distribution for the period of planet TOI-141c is actually multi-modal with the two main periods being at 4.75983 +0.00046 days. It is under this latter period that most of the posterior density is located, and thus this is the one we report as our final estimate for the period of this exoplanet. We note that there is no strong correlation between the period and any other parameter -this bi-modal nature, however, appears only on our GP fits, and is thus a result of the extra uncertainty that these stochastic models present for our conclusions. Importantly, this bi-modal nature of this period, does not enlarge the uncertainties in the other retrieved parameters.
The posterior distribution of the parameters of our best- fit model are presented in Table 5 for all the parameters except for the eccentricities and the jitter terms mentioned above -for those parameters we present upper limits based on the fits performed allowing those to vary freely in our juliet runs; the corresponding posterior modelling of the data is presented in Figure 4 for the photometry and Figure  5 for the radial-velocities. A close-up to the radial-velocities showing how each component of our model adds to the full signal is presented in Figure 6 . As can be observed in Figure 6 and from the derived inverse length-scale reported in Table 5 , the GP-component tries to explain a stochastic variation with a typical timescale (1/ √ 2α GP ) of ∼ 3 hours with an amplitude of about ∼ 2 m/s. It is unlikely this is some kind of stellar oscillation, as the amplitude of them in radial-velocities of stars similar to the Sun like TOI-141 are about one order of magnitude smaller and occur at scales of minutes and not of hours (see, e.g., Carrier & Bourban 2003; Elsworth & Thompson 2004) . One possibility is that our GP component is modelling instrumental systematics; these could be coming mainly from the FEROS dataset, which is the dominant source of RVs in our work, for which stability at the precision level attained in this work (∼ 2 m/s) has not been tested so far at such timescales.
The derived physical parameters presented in Table 5 for the transiting exoplanet TOI-141b present a remarkable similarity with the benchmark exoplanet 55 Cancri e (a.k.a. Janssen, Fischer et al. 2008; Winn et al. 2011) . According to the latest analysis of this latter transiting exoplanet by Bourrier et al. (2018) , 55 Cancri e has a radius of R p = 1.88 ± 0.03R ⊕ and mass of M p = 8.0 ± 0.3M ⊕ , which implies a density of ρ p = 6.7 ± 0.4 g cm −3 . Similarly TOI-141b has a radius of R p = 1.745 +0.051 . Systemic velocity-substracted radial velocities for the TOI-141 system observed by our FEROS (dark blue), HARPS (red) and CORALIE (orange and light blue) observations. The top panel shows the radial velocities as a function of time along with the residuals (O-C) obtained from substracting those with our median posterior model given the data (black lines; blue bands around it denoting 68%, 95% and 99% posterior credibility bands). Note the effects of the sampling of the inner, 1-day period planet, which made us sample almost identical phases on consecutive days. The bottom panel shows the phased radial velocities of TOI-141b (bottom left panel) and TOI-141c (bottom right panel) with the GP component removed, along with the phased residuals -white points show binned datapoints in phase for visualization. The same coloring as for the top panels is used for the bottom panels. Posterior parameters for TOI-141b Derived physical parameters for TOI-141b
a (AU) 0.02012 +0.00015 −0.00012
Derived physical parameters for TOI-141c
a Errorbars denote the 68% posterior credibility intervals (CI Figure 6 . Close-up to the radial-velocity dataset presented in Figure 5 , where we show each component of our best-fit model (black line): the keplerian (blue line) and the GP (red line) component.
cally indistinguishable masses and radii (TOI-141b is only ∆R p = 0.135 ± 0.06R ⊕ smaller than 55 Cancri e, i.e., consistent with 0 within ∼ 2 standard deviations), but it appears TOI-141b is denser than 55 Cancri e. Despite of this, adding to all this that the zero-albedo equilibrium temperature of TOI-141b is only slightly higher than that of 55 Cancri e (only ∆T eq ≈ 200 K hotter than 55 Cancri e), which implies a very similar level of stellar irradiation. Thus, TOI-141b can be thought of as a very similar exoplanet to 55 Cancri e, making it almost an analogue in terms of the planetary properties. We discuss the prospects that TOI-141b provides for planetary characterization and comparative exoplanetology of transiting super-Earth exoplanets in light of this similarity in the next section. The derived properties for TOI-141c are exciting as well. The minimum mass for TOI-141c of M p sin(i p ) = 19.95 +1.38 −1.36 M ⊕ suggests a minimum mass on the order of that of Neptune. Given the transiting nature of TOI-141b, we thus expect the inclination of this exoplanet to be not much larger than its inner companion, implying a true mass of the same order as the one implied by its minimum mass in our analysis.
Searching for transits of TOI-141c
We used the TESS photometry to search for transits of TOI141c. For this, we performed a juliet run with the same priors as the ones defined in Table 2 for TOI-141c. We assumed a circular orbit for both exoplanets (as per our result in Section 3.3) and we added r 1,c and r 2,c as free parameters to TOI-141c with the same priors as the corresponding parameters for TOI-141b to allow a transiting scenario for TOI141c. The resulting juliet runs with and without a transiting TOI-141c with this parametrization significantly favored the non-transiting model (ln Z = 5.4 in favor of this model). Figure 7 shows the posterior distribution of the impact parameter b c = (a c /R * ) cos(i p,c ) (where a c is the semi-major axis of planet c and i p,c is the inclination of planet c) and the planet-to-star radius ratio of the planet, p c = R p,c /R * , in the case of the joint fit assuming TOI-141c transits. The marginal distribution of the planet-to-star radius ratio implies that even if the planet were to transit, about 95% of the posterior density is bounded to be p c < 0.014, i.e., a planetary radius R p,c < 1.7R ⊕ . At the same time, in this transiting M ⊕ . This would in turn give rise to a density for TOI-141c about twotimes that of TOI-141b, which would imply an extremely dense object. The rareness of such an object thus adds to the statistical evidence that TOI-141c most likely does not transit TOI-141.
Secondary eclipses, phase-curve modulations, TTVs
A search for secondary eclipses and phase-curve modulations of either TOI-141b or TOI-141c turned out to be null in the TESS photometry. This is not surprising as both reflected and emitted light in the TESS bandpass for these exoplanets is expected to be quite low; on the order of a couple of ppm for TOI-141b and a couple tens of ppm for TOI-141c depending on its size. In addition, we performed a search for transit timing variations (TTVs) on the transits of TOI-141b. For this, we used the posterior transit parameters presented in Table  5 as priors for transit fits to the individual transits with juliet where the time-of-transit center was left as a free parameter with a uniform prior between 2 hours before and 2 hours after of the expected time of transit center. The resulting measured TTVs are presented in Figure 8 . As can be seen, there are no evident TTVs, except for the 12th transit observed by TESS, which appears to be half an hour later than expected. However, inspecting this portion of the lightcurve there is an evident decrease of flux during egress, most likely arising from instrumental effects, which is what produces this significant shift in the time of transit. With our observations, we can put an upper limit of about 2 minutes over a course of 27 days to any TTVs impacting the timeof-transit centers of TOI-141b. This was expected at least Small planets, known masses USP planets Figure 9 . Mass/radius diagram for known exoplanets with sizes smaller than 2 Earth-radii. Black points identify USPs; TOI141b is identified in red. Two-layer models are from Zeng et al. (2016) ; "Earth-like" here means a composition of 30% Fe and 70% MgSiO 3 , whereas "100 % Rock" means a composition of 100% MgSiO 3 . Earth is identified in this plot as a pale blue circle; the orange circle is Venus.
for TTVs generated by TOI-141c on TOI-141b, for which an order-of-magnitude estimate gives a TTV amplitude on the order of 4 seconds (Holman & Murray 2005) .
DISCUSSION
The TOI-141 system
The TOI-141 system composed of TOI-141b and TOI-141c is a very interesting system. On the one hand, TOI-141b, as will be shown below in Section 4.2, is a bona-fide "superEarth", i.e., a rocky planet significantly larger than our home planet. Figure 9 compares TOI-141b in particular in the mass-radius diagram of exoplanets smaller than 2 Earthradii (retrieved from exoplanets.org) whose masses and radius are characterized at better than 20%. We plot the two-layer models of Zeng et al. (2016) for illustration. As can be seen from Figure 9 , TOI-141b appears to have a composition similar to that of the Earth according to twolayer models. In fact, among super-Earths, it appears this is one of the few exoplanets for which we can confidently claim this is the case, making it a very interesting exoplanet. This possibility will be discussed in detail in Section 4.2.
TOI-141c, on the other hand, is most likely a shortperiod Neptune if the mutual inclination with TOI-141b is not too large. We showed that given the data the most plausible scenario for TOI-141c is that it does not transit the star, and thus the maximum inclination of this planet with respect of the plane of the sky would be of i c < arccos(a/R * ) −1 , or i c < 84.829 ± 0.051 degrees. This in turn implies that the true mass of TOI-141c is most likely M p,c > 18.54 ± 0.85M ⊕ . We are not able to put any constraints on the mutual inclination between TOI-141b and TOI-141c other than this upper limit for TOI-141c.
Interior composition of TOI-141b
Interior characterization: method
For a detailed interior characterization, we use the probabilistic analysis of Dorn et al. (2017) which calculates possible interiors given the observed data (e.g., mass and radius as shown in Figure 9 ). Besides the data of mass and radius, we are using constraints on the possible bulk composition in terms of refractory elements (e.g., Fe, Mg, Si), which helps to refine interior predictions (Dorn et al. 2015) . A proxy for the planet bulk composition is usually taken from the host star's photosphere. Here, measured stellar abundances of TOI-141b are (see • Planet masses and radii (Table 5 ).
• Planet effective temperature (Table 5 ).
• Relative stellar abundances of Fe, Si and Mg of the host star.
Our assumptions for the interior model are similar to those in Dorn et al. (2017) , but we consider a purely rocky planet. We assume an iron core and a silicate mantle, thus r core+mantle equals R p . The interior parameters are core size r core and mantle composition (i.e., Fe/Si mantle , Mg/Si mantle ). The prior distributions of the interior parameters are stated in Table 6 .
Our interior model uses a self-consistent thermodynamic model from Dorn et al. (2017) . For any given set of interior parameters, it allows us to calculate the respective mass, radius, and bulk abundances and compare them to the actual observed data. The thermodynamic model comprises the equation of state (EoS) of iron by Bouchet et al. (2013) , the silicate-mantle model by Connolly (2009) to compute equilibrium mineralogy and density profiles given the database of Stixrude & Lithgow-Bertelloni (2011) . We assume an adiabatic temperature profile within core and mantle. Figure 10 and Table 7 summarize posterior distributions of inferred interior parameters. Given bulk density, the planet is dominated by its rocky interior and might host a very thin terrestrial-type atmosphere only. The data of mass, radius, and bulk abundances inform possible core sizes and mantle compositions. Interestingly, the bulk abundance constraints cannot be reconciled with the measured bulk density of ρ p = 1.66ρ ⊕ . This is because the abundance constraint favours Earth-like densities, while TOI-141b's bulk density is higher (see Figure 9) . In order to better fit the bulk density, we relaxed the constraint on Fe/Si in a separate scenario and thereby allowed for rocky interiors with larger core mass fractions (Table 7) . Although this scenario can well fit mass and radius, it remains unclear how such iron-rich interiors for massive super-Earths can be formed. The result of a possible iron-rich interior has to be discussed in light of our model assumptions and model uncertainties. Here, we have assumed pure iron cores for simplicity. The addition of light elements (e.g., O, Si, S, C) in the core can allow for larger cores and thus higher bulk densities, while fitting the measured bulk density. This suggests that the amount of light elements in the core can be constrained by mass, radius, and bulk abundances. Further investigations are underway to understand the importance of light core elements for super-Earths.
Interior characterization: results and discussion
Here, we have chosen a rocky interior a priori and excluded atmospheres to significantly contribute to the planetary radius. We included possible terrestrial-like atmospheres in test runs that showed that possible atmosphere thicknesses are only tiny (0.01 R p ). Such thin atmospheres cannot be of primordial H/He, since atmospheric escape can efficiently erode thin H/He layer on short time-scales. An atmosphere of H/He is only stable against evaporative loss if it would be significantly thicker than the theoretical minimum threshold-thickness (Dorn & Heng 2018) , which is 0.18 R p for TOI-141b. The threshold-thickness corresponds to the amount of gas (H 2 ) that is lost on short time-scale (here we use 100 Myr).
If this planet has indeed an atmosphere that can be characterized by spectroscopy, this planet would be an interesting target for investigating whether the atmosphere's origin can be informed by the chemical make-up and the extent of the atmosphere. Terrestrial-type atmospheres can be built during the outgassing of a cooling magma ocean or by volcanism during the long-term evolution of a planet. The rate of volcanism can be very different depending on the convection regime of a planet, e.g., stagnant-lid versus plate tectonics (Kite et al. 2009 ). If TOI-141b is in stagnant-lid regime, no massive terrestrial-like atmosphere is expected since outgassing rates are very limited for 8 M ⊕ planets ) despite its partly unconstrained interior structure and composition. A massive atmosphere of volcanic origin could only be present if the planet is in a different convection than stagnant-lid, e.g., plate tectonics. From the variety of modelling studies (Valencia et al. 2007; Kite et al. 2009; Noack & Breuer 2014; Korenaga 2010; Van Heck & Tackley 2011) however, it remains unclear whether SuperEarths can drive plate tectonics or not. Figure 10 . Two-and one-dimensional marginalised posteriors of interior parameters: core size (r core ), and mantle composition (Fe/Si mantle and Mg/Si mantle ). The prior distribution is shown in dashed, while the posterior distribution is shown in solid lines. An Earth-like interior is shown for reference. 
Atmospheric characterization of TOI-141b
With TOI-141b being so similar to 55 Cancri e, an exoplanet that has received plenty of attention in terms of atmospheric characterization (see, e.g., Demory et al. 2016; Tsiaras et al. 2016; Angelo & Hu 2017; Miguel 2019) , it is important to briefly discuss the prospects for atmospheric characterization of TOI-141b. Among all the USPs, TOI-141b is the brightest one after 55 Cancri e. However, it is 2.4 magnitudes fainter in K s band and 2 magnitudes fainter in V band than the latter. As such, this implies that characterizing the atmosphere of TOI-141b will be more challenging than the one performed so far for 55 Cancri e with known space telescopes such as Spitzer and Hubble. However, the fact that this provides one of the first exoplanets to perform a direct comparison to the observational properties of 55 Cancri e, makes this challenge a particularly interesting one to take. For the detection of the thermal emission for TOI-141b with Spitzer, this might involve over 10 transits to detect an occultation at 3-sigma confidence. As for transmission, the fainter nature of TOI-141b might actually help if observations are to be carried out with Hubble. For 55 Cancri e, spatial scans which left larger trails than usual were used in order to compute a transmission spectrum with HST/WFC3 (see discussion in Tsiaras et al. 2016) . It is possible that this led to precisions 5 to 20% larger than the photon noise, whereas it is known that Hubble observations can achieve precisions close to 5% the photon-noise for bright stars (Knutson et al. 2014 ) -and thus this precision could be achieved for TOI141b with Hubble. As such, TOI-141b might be an excellent target for transmission spectroscopy observations with current observatories. For future James Webb Space Telescope (JWST) observations, the brightness of TOI-141 might impact on the type of observations that can be made because the star is too bright. However, observations with different instruments and filters might allow to characterize this exoplanet, especially at wavelengths > 2µm. For example, a wide range of NIRCam observations are possible to make for TOI-141b with a range of filters, which implies the thermal emission of this exoplanet might be easily detected with just one JWST transit. For transmission, NIRISS+SOSS observations will be possible for wavelengths 1.5µm where the instrument saturation falls for magnitudes brigther than J ∼ 7, allowing to target a wide range of possible molecular features for this exoplanet. In summary, thus, TOI-141b could be a prime target for JWST transit and occultation observations of hot super-Earths.
CONCLUSIONS
In this work, we have presented TOI-141b, a hot SuperEarth orbiting in a 1-day period around the G-type star HD 213885 -the second brightest star known to host an ultra-short period exoplanet. The exoplanet was detected by TESS photometry and later confirmed and further characterized using precise RV observations with the CORALIE, HARPS and FEROS spectrographs. Our observations reveal that TOI-141b has a rocky bulk composition, converting this exoplanet into a bona-fide super-Earth: a rocky planet with a bulk composition similar (although enhanced in iron) to Earth. In addition, our precise radial-velocity measurements reveal the presence of an additional Neptune-mass exoplanet, TOI-141c, on a 4.78-day orbit which does not show transits in the TESS photometry.
TOI-141b is an interesting exoplanet from the perspective of atmospheric characterization of hot super-Earths and especially to be compared with 55 Cancri e, for which TOI141b is a very similar -although denser -exoplanet. Characterization of this exoplanet with both present (e.g., HST, Spitzer) and future (e.g., JWST) space-based facilities might help unveil the nature of the atmospheres of these kind of exoplanets, allowing to kickstart comparative exoplanetology of hot super-Earths. 
